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ABSTRACT
Ruminant production has been an essential part of human activities worldwide since ancient
times. The expected increase in world population and per capita income, with an increase in the
amount and prevalence of animal products in human diet, urbanisation, with a concentration of
population in urban areas and an increase in losses in the supply chain, and the growing con-
cern over the environmental impact of animal farming require a long-term global strategy for a
more intensive and sustainable ruminant production. Therefore, solutions to increase the supply
of high-quality products of ruminant origin, without harming human health, animal welfare, and
environment, should consider the following interconnected issues discussed in this review:
(a) effects of meat, milk and dairy products consumption on human health, focussing on the
imbalance caused by their insufficient consumption, and the alleged increased incidence of cer-
tain diseases due to their consumption; (b) importance of the sustainable intensification of
ruminant production systems (e.g. better feed conversion and higher production output per unit
of input introduced into the farming system); (c) environmental impact of ruminant production;
(d) improvement of animal performance by improving animal welfare; (e) adaptation of
ruminants to climate change; (f) sustainable ruminant feeding (e.g. precision feeding techniques,
optimisation of grazing systems, and use of unconventional feeds); (g) challenges posed by pro-
duction intensification to animal breeding and conservation of animal biodiversity; and (h) strat-
egies to increase ruminant production in developing countries, thus achieving food security in
vast areas of the planet affected by fast growth of human population.
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Introduction
In the history of mankind, animal products have
been the basis of the diet of people with different
ages, health conditions, and secular and religious
beliefs. The estimated increase in world population,
which is expected to reach more than 9 billion peo-
ple in 2050 (UN 2015), the expected increase in both
per capita income and prevalence of animal products
in human diets (Bruinsma 2003; FAO 2011), the
urbanisation phenomenon, which will lead to a high
concentration of people living in urban areas and
higher losses in the supply chain (Herrero et al.
2015), and the growing concern over environmental
impacts of animal farming require a long-term global
strategy to develop more intensive and sustainable
animal production worldwide. This global issue is
connected with the crucial statement of the World
Exposition Milan 2015, Italy (Expo 2015): ‘Feeding the
planet, energy for life’.
By the year 2030, the annual production of milk,
meat and eggs is expected to be approximately 900
billion tons, 400 million tons and 100 million tons,
respectively. Meat production will come mainly from
chicken, followed by swine, and to a lesser but grow-
ing extent, ruminants (cattle, sheep and goats) (FAO
2011). Ruminant livestock are extremely important not
only for the production of the highest quantity of
animal protein (milk and meat) in human diets, but
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also for their ability to feed on fibrous feeds that can-
not be used as human food (Eisler et al. 2014).
Furthermore, ruminants occupy the largest area of
land worldwide compared with other livestock species,
and constitute one of the principal food sources for
people living in developing countries affected by
scarce soil fertility or desertification. On the other
hand, a considerable part of the animal impact on
environment, especially greenhouse gas (GHG) emis-
sions, is attributed to ruminants (Knapp et al. 2014),
and a large part of ruminant livestock is affected by
welfare problems (Goldberg 2016). Animal welfare
issues could also be aggravated by the absence or
lack of respect of welfare regulations, especially in
developing countries, and by ongoing climate change,
which might impact negatively the productive and
reproductive performance of ruminants reared on pas-
ture and, to a lower degree, in intensive conditions
where mitigation practices are more feasible.
This review focuses on the sustainable intensifica-
tion of ruminant production by looking at several
components that are interconnected (Figure 1). In
brief, the continuous rise in world population and
human wealth has increased and will continue to
increase human demand for high-quality animal prod-
ucts, including meat, milk and dairy products. The sus-
tainable intensification of ruminant production, under
limited natural and economic resources, could satisfy
food safety and security, thus improving human health
while protecting the environment. All these compo-
nents belong to the main loop of the diagram. Food
safety and security will rely in large part on the sus-
tainable intensification of ruminant production in
developing countries, where the major increase in
human population in the next 30 years is expected to
occur and where large agricultural areas should be
better exploited (secondary loop). Finally, the sustain-
able intensification of ruminant production should
respect welfare regulations (where they exist) and
ensure animal welfare and performance under climate
change scenarios, in order to achieve a low impact of
ruminant production on environment by relying on
the following: (a) feeding techniques that increase
feed efficiency and can be adapted to different scen-
arios, (b) traditional and innovative methods of animal
breeding, including new technologies of gene editing
that enable the rational use of genetic resources, and
(c) maintenance and enhancement of animal biodiver-
sity. In order to deal with these interconnected issues,
this review is divided into the following topics: (a) the
relationship between the consumption of meat, milk
and dairy products and human health, with particular
reference to the imbalance caused by insufficient con-
sumption of these animal products, especially in mem-
bers of the populations most at risk (children, elderly
and sick people), and to the alleged increased inci-
dence of certain diseases (cancer, cardiovascular disor-
ders and metabolic syndrome) resulting from their
consumption; (b) the importance of sustainable
intensification of ruminant production systems (e.g.
better feed conversion and higher production output
per unit of input into the farming system); (c) the
environmental impact of ruminant production; (d) the
compatibility between animal welfare and production
efficiency, with an analysis of the possibility of improv-
ing the performance of ruminants by achieving better
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Figure 1. Diagram of factors involved in the process of sustainable ruminant production to feed the planet.
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health, nutritional and breeding conditions; (e) the
adaptation of farming systems to climate change, by
evaluating the possibilities of physio-climatological
adjustments of the ruminants to changing conditions;
(f) the new prospects for ruminant feeding, with atten-
tion to the use of precision feeding, the optimisation
of grazing systems and the use of unconventional
feed ingredients to replace carbohydrate and protein
sources used in human diets; (g) the challenge posed
by production intensification for animal breeding and
conservation of animal biodiversity; and (h) the rumin-
ant production in developing countries, with an ana-
lysis of the strategies needed to fill the production
gap between their local farming systems and those of
developed countries – a crucial issue to achieve food
security in vast areas of the planet currently affected
by fast growth of human population.
Meat, milk and dairy food consumption and
human health
This section focuses on the main characteristics of
meat, milk and dairy products that influence human
health, noting that their consumption has many bene-
ficial effects on humans, despite the massive media
campaign claiming that these products are detrimental
for human well-being. In the subsequent sections, we
will describe how different factors – especially animal
welfare, feeding techniques and animal breeding – can
affect the production and quality of meat, milk and
dairy foods from a sustainable ruminant production
perspective (Figures 1 and 2).
Meat consumption and human health
Meat is a dietary source of heme-iron, vitamin B12,
zinc and high biological value proteins that are highly
digestible and contain all essential amino acids. These
nutrients are generally present in all kinds of meat,
but the amount of some may vary according to intrin-
sic characteristics of the animal species considered
and the farming system adopted (Mele et al. 2016).
The common definition of red meats includes beef,
pork, lamb, mutton and horse meat, whereas white
meat includes chicken, rabbit and turkey. However, as
a general rule, the nutritional composition of meat is
not strongly related to its colour, which is only due to
the amount of myoglobin (Fe-heme) present in the
muscle fibres (Mancini 2013) (Table 1). Most of the dif-
ferences among the types of meat are related to total
lipid content that in turn affects the energy content of
meat, and to the fatty acid composition of intramuscu-
lar fat. Protein content is approximately 20%, regard-
less of the type of meat considered, being only
marginally affected by species (Table 1).
The importance of meat consumption in different
life stages having distinct nutritional requirements,
and some critical aspects of epidemiological studies of
the relationship between meat consumption and colo-
rectal cancer are pointed out herein.
Meat consumption during childhood
The transition from breast-feeding to a complete diet
is crucial to satisfy the nutritional requirements of
newborns. According to the guidelines published by
Figure 2. Main components influencing meat and milk quality and safety.
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the World Health Organisation (WHO 2003), foods of
animal origin are recommended starting from six
months of age. In contrast, vegan diets cannot com-
pletely satisfy the nutritive requirements of infants
during the weaning period, especially regarding iron,
zinc and vitamin B12 (WHO 2003). Among foods of
animal origin, meat plays a very important role, espe-
cially as a source of iron. The iron requirements per kg
of body mass are the highest in infants compared to
other human life stages. Studies suggest that when
the diet of infants was deficient in iron as a conse-
quence of low meat intake, their neuro-psychic and
cognitive development was negatively affected (Lozoff
& Georgieff 2006; Beard et al. 2007). Dietary deficiency
in iron and zinc along with protein malnutrition are
considered as risk factors for cognitive damage.
Research indicates that dietary supplementation
with meat protein was more efficient than with plant
protein in improving growth and cognitive ability in
children (Neumann et al. 2007). Zinc deficiency was
also associated with a higher incidence of infectious
diseases and mortality in the developing world
(Black 2003).
Meat is also the main dietary source of vitamin B12,
which is almost absent in vegetables (Montville et al.
2013). Low meat intake during the weaning period
was associated with vitamin B12 deficiency in infants,
causing negative neurological effects (Garewal et al.
1988), megaloblastic anaemia and skin hyperpigmenta-
tion (Higginbottom et al. 1978) as well as other dys-
functions related to liver, intestine and spleen
metabolism (Black 2008). In several cases, vitamin B12
deficiency occurred in infants who were breast-fed by
vegan mothers or by mothers whose meat consump-
tion was not adequate (Higginbottom et al. 1978;
Garewal et al. 1988; von Schenck et al. 1997).
Unfortunately, incomplete brain development was also
found in infants supplemented with vitamin B12, as a
therapy against vitamin B12 deficiency, because the
response to this type of supplementation can be
highly variable (von Schenck et al. 1997). Overall,
the fundamental role of meat consumption during the
early stages of life was also confirmed by studies
carried out in developing countries, where the lack or
scarce intake of meat was the main cause of the poor
growth of children, especially during the first year of
life (Neumann et al. 2003).
Meat consumption and the immune system
Protein deficiency reduces the responses of the
immune system in humans (Castaneda et al. 1995). In
general, animal proteins are considered more efficient
than plant proteins in sustaining the growing process
and the immune system. Some clinical trials showed
the positive role of specific amino acids such as argin-
ine and glutamine, in improving cellular immunity and
the overall responses to infection and inflammation
processes (Co€effier & Dechelotte 2005; Daly et al.
1990).
Glutamine is the most abundant amino acid in the
human body and can be endogenously synthesised.
This amino acid is the main source of energy for enter-
ocytes, lymphocytes and macrophages (Newsholme
2001; Andrews & Griffiths 2002). However, glutamine
requirements during inflammation or infection proc-
esses are higher than what the human organism is
able to synthesise. As a consequence, a dietary supply
of glutamine is fundamental to properly sustain the
immune response. Meat is the main dietary source of
glutamic acid, containing more than 4mg of glutamic
acid per 100 g of meat. On the other hand, meat also
contains some components considered pro-inflamma-
tory, such as Fe-heme, which may induce the produc-
tion of free radicals. Hence, excessive meat
consumption may induce higher inflammation risk,
especially if the diet is poor in fibre and antioxidants
from fresh fruit and vegetables (Fung et al. 2004;
Lopez-Garcia et al. 2004). The critical role of the overall
diet composition in human health was confirmed by
Hodgson et al. (2007), who studied the effect of the
substitution of carbohydrates with proteins from lean
red meat on the inflammation response in humans.
The results of this study suggested that partial replace-
ment of dietary carbohydrate with protein from lean
red meat did not elevate oxidative stress or inflamma-
tion, indicating that oxidative stress depends on the
Table 1. Chemical and nutritional characteristics of different types of meat.
Item Rabbit Chicken Turkey Pork Beef Calf Suckling lamb Lamb
Dry matter, g/100 g meat 27.1 26.2 26.0 26.2 27.5 25.5 26.5 27.2
Protein, g/100 g meat 22.1 21.1 24.0 19.4 21.0 20.5 20.0 21.5
Lipids, g/100 g meat 4.0 4.2 1.8 5.9 5.4 4.0 4.5 4.4
Kcal, g/100 g meat 124.2 122 106.8 130.9 133.0 118 120.9 125.8
Cholesterol, mg/100 g meat 60.0 81.0 35.0 61.0 70.0 66.0 52.0 48.9
Vit. B12, lg/100 g meat 8.0 0.72 2.0 1.0 2.0 1.2 2.0 2.0
Fe-heme, lg/100 g meat 0.25 0.16 0.32 0.26 1.80 0.71 0.40 1.68
Adapted from Lombardi-Boccia et al. (2002), Williams (2007), Dalle Zotte and Szendr}o (2011) and Mele et al. (2016).
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overall balance between pro-inflammatory and anti-
inflammatory substances.
Meat consumption in the elderly
The aging process induces a general loss of muscular
mass due to the interaction between chronic energy
deficit, malnutrition and decrease in physical activity.
The loss rate of muscular mass, named sarcopenia,
may vary from 6% to 15% after 65 years of age and
may reach 40% after 89 years of age (Melton et al.
2000). The US dietary guidelines recommend a daily
intake of protein higher than 0.8 g/kg body weight,
but that intake should be increased up to 1.6 g/kg
body weight in elderly in order to counteract sarcope-
nia (Evans 2004). According to Wolfe (2006), an intake
of 15 g of essential amino acids at each meal may be
sufficient to support body muscular mass in elderly
people. These high requirements of dietary protein
should be satisfied by food containing protein with
high biological value such as meat, milk and eggs.
Dietary protein of animal origin (whey protein) can
also improve cognitive ability (memory) in elderly peo-
ple (Kaplan et al. 2001).
Meat consumption and cancer
Consumption of meat and processed meat is often
believed to be associated with increased risk of cancer
(especially colorectal cancer). This association is mainly
due to evidence from epidemiological studies and
from in vitro and in vivo studies on animal models that
explored the mechanistic role of meat components in
the development of cancer. Based on the current lit-
erature, the International Agency for Research on
Cancer (IARC) committee recently released an updated
list of substances considered as ‘carcinogenic to
humans’ or ‘probably carcinogenic to humans’, classify-
ing processed meat in the first group and red meat in
the second (IARC 2015). In particular, the IARC work-
group considered that red meat contains very import-
ant nutrients for human health, but, at the same time,
there are indications about the carcinogenicity of proc-
essed meat and also red meats, if their consumption
exceeds 50 and 100 g/d, respectively. The risk assessed
was 18% higher in heavy meat consumers (processed
and unprocessed meat) compared to vegans. This is a
relatively low risk differential, considering that epi-
demiological studies are usually considered robust
when the observed risk is at least 100% higher than in
the control. The risk assessment of processed meat
was based on 12 positive responses out of a total of
18 epidemiological studies and 6 positive responses
out of a total of 9 case-control studies, whereas that
of red meat was based on 7 positive responses out of
14 epidemiological studies and 7 positive responses
out of 15 case-control studies (IARC 2015). A linear
and positive relationship between red and processed
meat intake and cancer risk was obtained by consider-
ing the results of a single meta-analysis (Chan et al.
2011). However, a more recent meta-analysis con-
cluded that the relationship between consumption of
red and processed meat and cancer risk is inconsistent
(Oostindjier et al. 2014). Moreover, a recent European
Prospective Investigation into Cancer and Nutrition
(EPIC) study highlighted that the association between
red meat consumption and mortality from colorectal
cancer was not significant in a large cohort of
European citizens (Rohrmann et al. 2013). It should be
mentioned that the IARC (2015) components unani-
mously declared that in vitro and in vivo studies on
animal models did not provide definitive evidence to
support the putative role of red meat as carcinogenic
to humans.
The main suspects for meat carcinogenicity are the
Fe-heme contained in red meat, the nitrogen organic
compounds (NOCs) that are formed in the intestine as
a consequence of the presence of nitrates and nitrites
in processed meat and, finally, the polycyclic aromatic
compounds (PHCs) that are formed during the cooking
of red meat (Bastide et al. 2011) The main concern
about Fe-heme regards its tendency to promote the
production of heterocyclic amines in the intestine,
which, in turn, may promote the beginning of cancer
formation. According to Bastide et al. (2011), the rela-
tive risk of colon cancer was 1.18 (95% CI: 1.06–1.32)
for subjects in the highest category of Fe-heme intake
compared with those in the lowest category. However,
more recently, Ashmore et al. (2013) reported that the
association between intake of Fe-heme and colorectal
cancer was significant only for levels of Fe-heme
intake higher than 18mg/d. Because the average con-
tent of Fe-heme in red meat is lower than 2mg/100 g,
the overall amount of red meat necessary to reach
18mg/d of Fe-heme exceeds the average level of red
meat intake reported by FAO statistical studies (FAO
2013).
Nitrogen organic compounds are added to several
processed meats to reduce the risk of botulinum toxin
and to preserve the red colour of the meat. This is
probably the main risk factor for processed meat
because high NOCs intake is associated with an
increase in colorectal cancer risk in murine animal
models (Santarelli et al. 2010). However, it should be
taken into consideration that the term ‘processed
meat’ includes a wide range of meat-based foods that
may differ for the kind and amount of meat and
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preservatives present, and these differences have not
been considered in epidemiological studies. Polycyclic
aromatic compounds contained in well-cooked red
meat, especially fried meat, are considered as a risk
factor for colorectal cancer (Santarelli et al. 2008).
However, PHCs are not present only in red meat and
might occur in any kind of meat, if overcooked.
Moreover, several kinds of vegetables and seafood
may contain high levels of PHCs as a consequence of
environmental pollution (Santamaria 2006; Bansal &
Kim 2015). Unfortunately, epidemiological studies have
not considered this important aspect, which should be
clarified in order to introduce correction factors in the
analysis.
To summarise, scientific evidence about the associ-
ation between red and processed meat and colorectal
cancer risk is not conclusive, probably because of the
heterogeneity in the composition of red and proc-
essed meat, as a consequence of the differences in
production systems (Mele et al. 2016). A more conclu-
sive assessment would be possible when epidemio-
logical studies take into consideration the variability in
meat products preparation and composition.
Milk and dairy food consumption and human
health
Milk and dairy products are characterised by a high
content of calcium (Ca), bioactive compounds and
peptides that are beneficial for humans.
Milk and dairy products consumption and bone
integrity
Osteoporosis, which is one of the most relevant dis-
eases in the elderly, is characterised by a reduction in
bone mineral density (BMD) and a deterioration in
bone structure (Conference Report 1993). The import-
ance of Ca for the preservation of bone integrity is
recognised by the European Food Safety Authority
(EFSA) Panel on Dietetic Products, Nutrition and
Allergies (EFSA 2009a). Calcium is the most relevant
nutrient affecting bone health and Ca requirements
increase with aging. Supplements can partially satisfy
Ca requirements, but they usually do not contain pro-
tein and other minerals, such as Mg, K, Zn and P,
which are an essential part of bone structure or funda-
mental for bone metabolism (Heaney 1996, 2009;
Tucker 2009; Weaver 2009). Dairy foods are a good
source of Ca and do not contain anti-nutritional factors
that reduce mineral digestibility, such as phytates, oxa-
lates or polyphenols that are present in legumes and
other crops (Gueguen & Pointillart 2000).
Because the fulfilment of Ca requirements until 20
years of age is positively related to bone mineral dens-
ity and strength, the consumption of Ca-rich foods like
dairy products at a young age is very important to
prevent osteoporosis in later years (Lindsay & Nieves
1994; Murray 1996; Heaney 2000; Huth et al. 2006;
Straub 2007; Rizzoli et al. 2010). De Smet et al. (2015)
found a positive relationship between dairy food con-
sumption and BMD in a group of 306 Belgian children
(6–12 years old), and Hawker et al. (2002) reported
similar results in young women. In a prospective study
in 3251 menopausal non-hispanic women, Kalkwarf
et al. (2003) found a link between low BMD and low
milk intake during childhood and adolescence, with an
11% lower incidence of osteoporotic fracture in sub-
jects who had previous high milk consumption. Similar
results were also reported by Soroko et al. (1994) and
Bonjour et al. (2008).
Increased levels of BMD and a reduced risk of
osteoporosis can be due to not only high content of
bio-available Ca in dairy foods, but also the presence
of high biological value protein and vitamin D3 in
milk. In particular, protein from casein and whey can
prevent bone loss, which frequently happens in elderly
people (Rizzoli 2014). A reduction in osteoporosis
prevalence, due to an increase in dairy food consump-
tion, would result in reduced expenses of the public
health service for the therapy of this pathology
(L€otters et al. 2013).
Bioactive compounds from milk that can positively
affect bone metabolism
Calcium is only one of the molecules found in milk
that affect bone metabolism. Other milk compounds,
such as whey protein and casein-phospho-peptides
(CPP), can also increase bone strength. Trials carried
out on rats and rabbits suggest that the basic fraction
of whey protein can reduce the activity of osteoclasts
(Toba et al. 2000), preserving bone from the remodel-
ling activity typical of osteoporosis (Yoneme et al.
2015). The role of CPP as a mineral carrier is well
known. The inclusion of Ca in a peptidic backbone
improves its intestinal digestibility (FitzGerald 1998)
and several studies have demonstrated the positive
effect of CPP administration on bone density (Gerber
& Jost 1996; Donida et al. 2009; Tulipano et al. 2010).
Milk peptides and blood pressure
Among the different types of peptides derived from
the digestion of milk protein, the most investigated
are the ones with Angiotensin Converting Enzyme
(ACE)-inhibiting properties. ACE is a key enzyme in the
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regulation of blood pressure that catalyses the conver-
sion of angiotensin-1 to angiotensin-2, inducing vaso-
constriction and, consequently, increasing blood
pressure. Although the most part of ACE-inhibiting
peptides have the last three C-terminal residues com-
posed of Arginine (Arg), Threonine (Thr), Tryptophan
(Trp), Tyrosine (Tyr), Phenylalanine (Phe) or Proline
(Pro) (Contreras et al. 2009), most studies have
focussed on the blood pressure lowering effects of the
Ile-Pro-Pro (IPP) and Val-Pro-Pro (VPP) tri-peptides.
A meta-analysis carried out by Cicero et al. (2011)
showed the lowering effect of IPP and VPP peptides
on blood pressure in humans, with a stronger
effect on Asiatic population compared to Caucasian
subjects (6.93mm vs. 1.17mm of systolic blood
pressure).
Are meat, milk and dairy products dangerous for
bone health?
Bone health is strictly linked to the balance between
calcium absorption and excretion. Several authors
found that hyperproteic diets, normally rich in high-
protein foods such as milk and dairy foods, and foods
rich in sulphur amino acids (e.g. meat, soybean and
eggs), were associated with an increased risk of meta-
bolic acidosis (unbalance in the acid-base equilibrium,
with increasing levels of Hþ) that in turn would be
associated with greater bone demineralisation
(Bushinsky 2001; Arnett 2008), increased urinary cal-
cium excretion (Barzel & Massey 1998) and increased
risk of bone fracture (Feskanich et al. 2014;
Micha€elsson et al. 2014). However, the review by
Bonjour (2005) illustrated that this hypothesis was not
based on clear experimental and clinical evidences,
but on a combination of different in vitro trials, short-
term human studies or retrospective studies. In add-
ition, it was shown that several ingredients of the
study diet may mitigate plasma acidification due to
the catabolism of sulphur amino acids (Bonjour 2005).
In fact, fruit and vegetables are sources of minerals
able to act as buffers, equilibrating plasma pH and
decreasing the risk of urinary calcium excretion
(Bonjour et al. 2008). Therefore, possible problems for
human health do not seem to be linked to the con-
sumption of dairy products per se, but to an unbal-
anced diet. In fact, a balanced diet, with an adequate
intake of protein and calcium combined with fruit and
vegetables, would be beneficial for skeletal and cardio-
vascular health (Sahni et al 2010; O’Keefe et al. 2016).
MacDonald et al (2001) found a positive effect of fruit
intake on hip and spine BMD but they hypothesised
that this effect could be due to the buffer activity of K
and weak organic acids (e.g. malic acid), found in high
concentrations in fruit, rather than the possible nega-
tive effect of milk proteins. In this regard, the meta-
analysis of Ho-Pham et al. (2009), using many studies
on the relationship between different diets and fem-
oral neck bone and lumbar spine bone density in
menopausal women, showed that the BMD was
reduced in women following vegetarian or vegan eat-
ing patterns compared to subjects having an omnivor-
ous diet.
Importance of the sustainable intensification
of ruminant production
The security of food supply and improvement of food
quality for large sectors of humanity are conditioned
by the continuous increase in world population and,
consequently, by the steady rise in demand for food,
on the one hand, and the decline in available land
due to its scarcity, fertility depletion, erosion or alter-
native use (natural, urban, energy), on the other hand
(Pretty 2008; Lambin 2012).
According to Bruinsma (2003), only 11% (1.5 billion
ha) of the Earth’s land surface of approximately 13.4
billion hectares is used for agriculture (arable land and
land with permanent crops), and about a quarter (3.4
billion ha) is used for grazing. Much of the land occu-
pied by grassland has edaphic characteristics unsuit-
able for transformation into arable land. Therefore,
grasslands are widely used for pastoral activities
(mainly ruminants) and thus help to ensure sufficient
production of food of animal origin, without interfer-
ing with plant production (Godfray et al. 2010) or
causing soil carbon depletion. On the other hand, resi-
dues coming from croplands, which represent 20%
of the total biomass produced, are used to feed live-
stock (FAO 2011). In this scenario, sustainability of agri-
culture has become a global concern (Pretty 2008),
and food security is no longer an exclusive problem of
emerging or developing countries, being a challenge
for all humanity (FAO 2015). According to the Global
Footprint Network (2016), ‘today humanity uses the
equivalent of 1.6 planets to provide the resources we
use and absorb our waste. This means it now takes
the Earth one year and six months to regenerate what
we use in a year. Moderate United Nations scenarios
suggest that if current population and consumption
trends continue, by the 2030s we will need the
equivalent of two Earths to support us. And of course,
we only have one’.
Considering that ruminants produce almost all the
milk and much of the meat consumed by humans,
there is a need for strategies to reduce their
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environmental and economic costs, while increasing
the quality and amount of the food of ruminant origin
(Eisler et al. 2014), and protecting animal welfare and
human health (Goldberg 2016). At the present time,
because the public opinion in developed countries
holds that conventional agriculture is less safe than
organic agriculture, there is a strong tendency towards
the conversion of land from the first to the second
farming type. Despite being more sustainable (per unit
of land) and having positive implications in terms of
animal welfare, organic farming (at least as currently
managed) is generally less productive per unit land
than the conventional farming system, for both crop
(Ryan et al. 2004; Savage 2015) and animal production
systems (Sundrum 2001; de Boer 2003). Organic animal
farming still faces several challenges. The suggestions
for its improvement include bringing current organic
livestock production closer to organic principles, devel-
oping selection tools that take into account adequate
animal characteristics for organic systems, and identify-
ing novel feed sources (Atkinson 2014). If the tendency
to favour organic farming and the productivity of
organic systems remain unchanged, a reduction in
food production is foreseen. Moreover, if the increase
in population continues as expected, the amount of
arable land required in 2050 will surpass the amount
available, leading to overexploitation and a potential
reduction in biodiversity. Therefore, the only realistic
scenario to meet human needs remains an increase in
the efficiency and an improvement in the environmen-
tal sustainability of agricultural and livestock produc-
tion systems (Bruinsma 2003; Pretty 2008; Godfray
et al. 2010)  in other words sustainable intensifica-
tion. Nonetheless, it is important to consider the rele-
vance of local food movements (Goldberg 2016) and
organic animal farming in marketing niches, where
consumers are willing to pay a higher price for locally
and organically produced food, including meat and
dairy products. Obviously, this activity has to be coun-
terbalanced by a widespread adoption of sustainable
intensive ruminant systems throughout the world, so
that we can ensure food safety and security in the
planet (Figure 1). This requires an integrated approach
that also takes into account the cultural and social val-
ues, environmental conditions, technical and scientific
knowledge, and economic resources of the stakehold-
ers involved in ruminant production and consumption.
Environmental impact of ruminant production
Livestock production is often considered to be unsus-
tainable, with the livestock sector contributing to
14.5% of anthropogenic GHG emissions (Eisler et al.
2014). These values are expressed in terms of carbon
dioxide (CO2) equivalents (i.e. net exchange of GHG, as
total or per unit of product or service), obtained con-
sidering that different gases – especially CO2, methane
(CH4), and nitrous oxide (N2O) – contribute in distinct
proportions to total GHG emissions. Ruminants are
associated with the release of CH4 from enteric fer-
mentation in their gastrointestinal tract (Cassandro
et al 2013; Knapp et al. 2014) and manure decompos-
ition (Dalla Riva et al. 2014), the production of N2O
from the N present in manure (Dalla Riva et al. 2014),
land use and degradation due to overgrazing, and
water consumption and pollution. Obviously, intensive
and sustainable ruminant systems should adopt appro-
priate management, nutrition and breeding techniques
and ensure adequate animal welfare in order to favour
animal performance and minimise animal impact on
environment.
Given the high consumption of meat, milk and
dairy products now and in the future, ruminant pro-
duction will continue to contribute to a large part of
the Ecological footprint of agriculture. Therefore, eval-
uating the impact of ruminant production on the
environment is fundamental for the development and
adoption of proper mitigation strategies. Animal car-
bon footprint represents the environmental impact of
animal production and is usually estimated by the
method of Life Cycle Assessment (LCA) (FAO 2010;
Rotz et al. 2010; Thoma et al. 2013), a technique which
assesses the environmental impact associated with a
product or a service by compiling an inventory of
major inputs and outputs of a production system.
Animal carbon and water footprint are discussed
herein, considering that the LCA approach has
focussed for a long time on the animal impact in
terms of GHG emissions (Carbon footprint), water con-
sumption (Water Footprint), eroded soil (Soil footprint),
or reduced biodiversity (Biodiversity footprint) per unit
of product of animal origin. However, it is important
to highlight that recently the LCA approach used by
Dalla Riva et al. (2015) took into account a larger set
of variables, i.e. climate change, terrestrial acidification,
fresh water eutrophication, land occupation, water
depletion and cumulative fossil energy demand.
Moreover, Wiedemann et al. (2015) applied the LCA to
compare the effects of four contrasting case-study
farm systems of dual-purpose sheep (meat and wool)
on GHG emissions, fossil energy demand and land
occupation by evaluating seven methods, as follows:
three biophysical allocation methods of GHG emissions
based on protein requirements and partitioning of
digested protein, protein mass allocation (PMA), eco-
nomic allocation (EA), and two system expansion
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methods. GHG emissions per kilogram of total product
(i.e. wool and live weight, LW) were similar across
farms, but varied highly with the method of co-prod-
uct handling. The authors concluded that biophysical
allocation methods based on partitioning between
sheep wool and LW would be adequate for attribu-
tional studies, whereas sensitivity analysis using system
expansion would be appropriate to understand the
implications of system change, when alternative prod-
ucts or systems are chosen, and to evaluate system
change strategies.
Flachowsky and Hachenberg (2009) showed that
the values of Animal carbon footprint (in kg CO2eq/kg
product) estimated with the LCA method were highly
variable depending on the type of product and the
specific methodology used, without a clear difference
between the conventional and organic production sys-
tems. In an attempt to obtain a more reliable estimate
of the Ecological footprint of livestock, Pulina et al.
(2011b) developed a mathematical model with the
StellaVR software to calculate a partial Animal carbon
footprint (i.e. limited to animal rearing, excluding
crops, fattening and meat commercialisation) of a
‘cow-calf line’ of a farming system, considering 100
heifers from the beginning to the end of their repro-
ductive career. The following values of CO2eq pro-
duced were obtained: on average 1636 kg CO2eq/head
in one year and 12.4 kg CO2eq/kg carcase sold. The lat-
ter estimate is within the variability range of 10-21 kg
CO2eq/kg product reported by Flachowsky and
Hachenberg (2009). A study conducted in dairy cattle
herds in Italy calculated average emissions of 1.3 kg
CO2eq/L milk produced, with a strong tendency
towards a reduction in impact, moving from less pro-
ductive to more productive farms (Serra et al. 2013). In
a comparative study of carbon footprint for dairy
herds in the North-East of Italy and Slovenia (Gaspardo
et al. 2015), the estimated kg CO2eq/L fat and protein
corrected milk (FPCM) was significantly higher for
Brown cows (1.61 kg CO2eq) than for Simmental and
Holstein Friesian cows (1.15 and 1.04 kg CO2eq,
respectively). In this study, data were collected with
personal interviews with farmers and an LCA approach
was used to estimate emissions (global warming
potential, acidification, and eutrophication potentials)
and consumption of non-renewable sources (energy
and land use). The differences between breeds were
related to the amount of milk produced, because the
farms with Brown cows, sampled mostly in Slovenia,
had a lower milk yield and a diet richer in forages
compared to the farms that raised the other two
breeds. However, whether or not the level of intensifi-
cation per se is able to reduce carbon footprint is still
a matter of debate. According to Serra et al. (2013,
2014) and Bava et al. (2014), farming intensification
and increased milk production per cow, dairy effi-
ciency, and stocking density were negatively related to
emissions per kilogram of product, suggesting a posi-
tive effect of these factors for the mitigation of GHG.
However, the variability among farms was very high,
indicating that other aspects such as management and
structural characteristics played a relevant role.
Another study indicated that farms with low producing
cows had higher environmental impact per kg of milk;
also, farms with lower stocking rates showed reduced
acidification and eutrophication per kg of FPCM
(Penati et al. 2013). Enhancing feed self-sufficiency by
higher forage production and quality, and utilising
highland pastures, together with increasing milk yield
per cow, was suggested as the best strategy to
improve the environmental sustainability of dairy
farms in the Alps. In a simulation study designed to
model the influence of breeds on GHG emissions,
using the productive traits of Holstein and Jersey
breeds in a typical intensive condition in Italy, the
effect of different allocation factors for meat and milk
in the LCA assessment was presented (Dalla Riva et al.
2014). The authors estimated higher emissions for a
Holstein herd (0.96 kg CO2eq/kg energy corrected milk,
ECM) than for a Jersey herd (0.80 kg CO2eq/kg ECM),
the latter being characterised by lower milk yield but
higher values of fat and protein in milk. In this case,
the lower dry matter intake and the higher fertility of
the Jersey breed in comparison to the Holstein breed
caused a decrease in feed conversion ratio to milk and
replacement of animals in the herd. These studies sug-
gest that increasing milk yield and intensifying farming
systems can be a strategy to mitigate GHG emissions
when management – including manure, health and
fertility of the herd – is not compromised (Lovett et al.
2006; Penati et al. 2013).
Many other studies have shown that the most effi-
cient way to reduce GHG emissions in animal produc-
tion is the sustainable intensification of animal
production. For instance, Capper et al. (2009) found
that the amount of CO2eq emitted from dairy cattle
farms in the United States increased from 13.5 to
27.8 kg CO2eq/cow daily from 1944 to 2007 and paral-
leled the increase in feed intake, whereas CO2eq pro-
duced/kg milk decreased drastically from 3.66 to
1.35 kg CO2eq. This was due to a reduction in the
number of animals per farm and an increase in milk
production per animal, which varied linearly in the
studied period. As a consequence, the amount of GHG
emitted from dairy cattle farms in the US decreased
from 194 million tons in 1944 to 114 million tons in
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2007, despite the increase in total milk production in
the country. In Italy, Espositi and Coderoni (2011) esti-
mated that the CH4 emissions from dairy cattle were
reduced by almost 50% from 1951 to 2008 (from 370
to 200 thousand tons CO2eq). Considering that total
milk yield doubled in the same period (from 5.5 to
11.1 million thousand tons), we estimated that the
CH4 emissions decreased from 1.9 to 0.5 kg CO2eq/L
milk in Italy. Similarly, Capper (2011) found that
intensification of the meat production process is the
best strategy to reduce animal carbon footprint and
meet the growing demand for food, especially in
emerging countries. However, not all studies have con-
sidered that the increased requirements of highly pro-
ductive animals lead to an increased demand for
highly digestible feedstuffs and, especially, for certain
crops. This is associated with an increase in cultivated
arable land at the expense of pasture land or forest,
with a consequent reduction in the capacity of carbon
sequestration by the system and an increase in net
GHG emissions. The environmental risks of converting
a significant amount of grassland into cultivated cere-
als would be high. For example, less than 9% of pas-
tureland in the United States is sufficiently productive
to be considered suitable for growing other crops
(Council for Agricultural Science and Technology
2013).
Another important issue concerning the impact of
animal production on GHG emissions is related to
manure management for both intensive and grazing
systems. Mitigation of emissions arising from the accu-
mulation of manure can be guaranteed at least in part
by developing and disseminating increasingly efficient
technologies for the use of animal waste for energy
purposes, especially for biogas production (Kebreab
et al. 2006). Biogas production is important, consider-
ing that the spreading of manure or slurry might not
be able to ensure a long-term effective capture of car-
bon by the soil (carbon sink) (Schlesinger 2000).
In animal farming, the water footprint is mainly
related to water used for irrigation of cultivated land
and for production and processing technologies, but
some is also associated with pollution of water
reserves. The water footprint is usually divided into
blue, green and grey, according to the type of water
taken into consideration (WWF Italy 2014). Based on
the definitions and methodology of a previous work
(Hoekstra et al. 2009), Mekonnen and Hoekstra (2010)
briefly defined the three types of water footprint as
follows: ‘The blue water footprint refers to consump-
tion of blue water resources (surface and groundwater)
along the supply chain of a product. “Consumption”
refers to loss of water from the available ground-
surface water body in a catchment area. Losses occur
when water evaporates, returns to another catchment
area or the sea, or is incorporated into a product. The
green water footprint refers to consumption of green
water resources (rainwater insofar as it does not
become run-off). The grey water footprint refers to
pollution and is defined as the volume of freshwater
that is required to assimilate the load of pollutants
given natural background concentrations and existing
ambient water quality standards’.
Drastig et al. (2010) calculated the blue water
demand for dairy farms in Bradenburg (Germany), by
assessing the water used for feeding, milk processing,
and servicing of cows from 1999 to 2008. The blue
water footprint of the dairy production decreased over
the ten-year period due to intensification (i.e. decrease
in animal number and increase in milk yield per cow),
with an average animal water footprint of 3.94 L blue
water/kg milk produced.
Intensification can also reduce the animal water
footprint of meat production. For instance, Capper
(2010) estimated a value of 3600 L/kg meat in inten-
sive livestock farming (feedlot systems), which differed
noticeably from the value of 15,400 L/kg meat, based
on the average data at the global level, previously cal-
culated by Mekonnen and Hoekstra (2010). The esti-
mate of the animal water footprint in Italy performed
by Pulina et al. (2011a), using the method of Drastig
et al. (2010), showed that dairy cattle and beef cattle
accounted for 82% and 10% of water consumption,
respectively, because of their high intake of forage
and the resultant high green water component. An
alternative method of estimation, the Net Water
Footprint (NWFP), was proposed by Atzori et al. (2015).
In this model, the water footprint calculation sub-
tracted the evapotranspiration from natural vegetation
that would have grown if the surface had not been
cultivated, from the total water consumed by a crop.
The NWFP thus calculated for Mediterranean livestock
systems was approximately about 4000 L water/kg
beef meat and 200 L water/L milk (Atzori et al. 2015).
Matlock et al. (2013) found that the eutrophication
impact for dairy production in the United States is
more likely to occur from feed production than from
on-farm dairy activities at regional (for nitrogen) and
local (for phosphorus) scale. Nevertheless, given the
increasing importance of water resources for the
improvement of food production at a global scale,
research should find effective solutions to save water
resources and obtain a rational management of rumin-
ant waste.
Effective mitigation of carbon footprint or water
footprint, or both, from ruminant farms can be
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achieved by improving animal welfare, adopting
appropriate feeding techniques and following specific
breeding programmes, as discussed in the subsequent
sections of this review.
Welfare and biological efficiency of farmed
ruminants
The concept of animal welfare has ethical roots; there-
fore, it finds in itself its own reason for existence.
Goldberg (2016) described in detail how the concept
of animal welfare has evolved over time. Because ani-
mal welfare is a central aspect of intensive sustainable
ruminant production, this section deals with (a) some
aspects of current regulation on animal welfare and
on-going activities to improve their implementation;
(b) the importance of animal welfare and the use of a
multidisciplinary approach to assess ruminant
responses to stress; and (c) the effects of stress on the
yield and quality of milk, dairy products and meat.
Legislation
The European Union (EU) legislation on animal protec-
tion is very extensive. There are general rules for the
protection of animals of all species kept for the produc-
tion of food, wool or other farming purposes, and spe-
cific rules for swine, poultry, and calves. However, no
specific legislation concerning cattle or dairy cows is
available to date. For these categories, EFSA Scientific
Opinions are available. In particular, specific rules for
cattle kept for beef production and on welfare in inten-
sive calf farming systems are based on the EFSA Panel
on Animal Health and Welfare (AHAW) (EFSA 2012) and
specific rules for dairy cows were reported by the EFSA
Panel on Animal Health and Welfare (AHAW) (EFSA
2009b). Since the approval of the Common Agricultural
Policy (CAP) reform (EC regulation no. 1782/2003) in
2003, the EU has made important changes to the exist-
ing rules and procedures for providing support to the
agricultural system, and animal welfare has become a
strategic element for the development of livestock sys-
tems. In the EC Reg. 73/2009 ‘Common rules concern-
ing the support for farmers under the CAP’, animal
welfare is one of the Management Criteria Required.
Minimum thresholds for animal welfare are defined, but
at the same time animal welfare is part of a voluntary
improvement policy.
In 2006 the Community Action Plan on the protec-
tion and welfare of animals for 2006–2010 was
adopted. This programme highlights the importance
of consumer information as part of a comprehensive
communication strategy on animal welfare, as well as
the creation of a Community reference centre for har-
monising standards and promoting the sharing and
use of best animal welfare practices in livestock
systems.
The European Union Strategy for the Protection and
Welfare of Animals for 2012–2015 is a continuation of
the 2006–2010 Community Action Plan that identifies
the following main common factors that have an
impact on animal welfare: (a) the lack of full applica-
tion of EU legislation on animal welfare due in part to
the diversity of farming systems and local contexts.
For this reason, there is a need for simplification
through the introduction, among the general rules, of
more detailed provisions in relation to these four com-
mon factors for animal welfare; (b) the lack of appro-
priate information on animal welfare to consumers; (c)
the lack of sufficient knowledge of animal welfare by
operators and stakeholders; and (d) the need for a
simplification and development of the principles
related to animal welfare.
From these strongholds, the Italian National Plan for
Animal Welfare has proposed ideas for its develop-
ment. The 6th Framework Programme (FP) ‘Welfare
QualityVR : Science and society improving animal wel-
fare in the food quality chain’ project (http://www.wel-
farequality.net/everyone/26572/7/0/22) involves
researchers from several EU countries. It has among its
work packages (a) the analysis of consumers’ concerns
about food animal welfare, the type of information
demanded, and the most effective communication and
information strategy; (b) the assessment of current and
potential markets for welfare-friendly animal-based
food products, welfare label characteristics, and
inspection systems; and (c) the identification of poten-
tial barriers to the development of animal-friendly
products faced by producers.
Importance and assessment of animal welfare
Scientific research has evidenced that protection of
animal welfare can turn into profit, in terms of reduc-
ing veterinary costs, increasing animal performance,
improving the quality of products and maintaining
hygienic standards of food production. Welfare is
strictly related to health and efficiency of production
of farmed animals, and sustaining animal welfare can
also increase the commercial value of animal products.
The demand for high quality food has been rising and
an increasing number of consumers expect animal
products to be obtained and processed with greater
respect for the welfare of animals.
Farmed ruminants might face many stressors of dif-
ferent origin, as follows: (a) environmental stressors,
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such as climatic extremes, air pollution and poor drink-
ing water quality; (b) physical stressors, such as crowd-
ing and reduced air space; (c) physiological and
nutritional stressors, such as transition period, unbal-
anced diets, under-nutrition and fasting; (d) manage-
ment stressors, such as inappropriate milking,
slaughter routine, transport, animal moving and han-
dling, castration, and dehorning; (e) pathological and
traumatic stressors, such as lameness, diarrhoea, and
accidental trauma; and (f) psychogenic stressors, such
as isolation and inappropriate human interaction. The
animal response to stressors, in turn, depends on a
number of factors, which can be grouped as follows:
(a) breed differences, genetic selection, early influences
and epigenetic factors, and individual life history, act-
ing as endogenous factors; and (b) the source and
nature of stressors, the frequency of exposure to stres-
sor, and the length and intensity of stress, acting as
exogenous factors.
In general, the defence mechanisms activated in
response to stress are necessary to cope with emer-
gency situations, but they can also lead to pathology
or to an increase in animal susceptibility to diseases,
often by initiating immuno-suppression (Broom &
Kirkden 2004). Because of the variety of mechanisms
activated by animals to face stress, welfare assessment
requires a multidisciplinary approach, including the
use of production, reproduction, behavioural, physio-
logical and pathological indicators. Such a wide range
of indicators is necessary because not all response
mechanisms to stress are always, or simultaneously,
activated.
The activation of the hypothalamic–pituitary–adre-
nal (HPA) axis is one of the best known and consistent
neuroendocrine adaptive responses to stress.
Psychological, environmental and physiological stres-
sors can determine the release of the corticotrophin-
releasing factor by the anterior hypothalamus, which
stimulates the secretion of the adrenocorticotropic
hormone (ACTH) by the anterior pituitary gland. The
target organ of ACTH is the adrenal cortex, and the
main action of ACTH is to increase the secretion of
glucocorticoids, especially cortisol, which in turn con-
trols cytokine production and action (Black 2002).
From a welfare perspective, we are not interested in
short-lived changes occurring in acute stress situations;
on the contrary, we are interested in long-term
changes in response to chronic stress.
An increasing body of literature suggests the exist-
ence of crosstalk between the immune and nervous
systems involved in the animals’ response to stress.
The mediators of the interaction between these two
biological systems are the cytokines. Both
physiological and psychological stressors can deter-
mine the secretion of pro-inflammatory cytokines, i.e.
IL-1b, IL-6 and TNF-a (Caroprese et al. 2006). Cytokines
can increase the production of neutrophils, affect
leukocyte adhesion and capillary permeability, and
induce fever and the synthesis of acute phase proteins
(APP) (Gregory 2004). In addition, pro-inflammatory
cytokines act on the brain, causing a ‘sickness behav-
iour’, characterised by an increase in sleep and a
decrease in social, aggressive and explorative behav-
iours, together with reduced feeding (Kemeny 2009).
The likely effects of cytokines at sub-clinical levels
can be assessed objectively through changes in posi-
tive and negative APP in blood (Trevisi et al. 2011).
Therefore, these proteins can provide a tool to object-
ively evaluate animal welfare (Bionaz et al. 2007;
Bertoni et al. 2008; Calamari et al. 2014). For instance,
inflammatory-like conditions have been often observed
in the transition period, in dairy cows without clinical
symptoms, and only the changes in positive and nega-
tive APP in blood reveal subclinical problems and low
welfare (Bertoni et al. 2008).
Behavioural responses of animals are often corre-
lated with both physiological and immune responses;
as a consequence, behavioural indicators of stress can
be used to estimate the effects of stress on the bio-
logical functions of the animal (Rushen 2000). A way
to determine how an animal is coping with a chal-
lenge is to conduct a preference or an aversion test. In
the first case the animal is asked to choose between
two or more situations; in the second case the time
taken by an animal to approach to an aversive situ-
ation or a place where an aversive treatment has taken
place is recorded (Cook et al. 2000).
Apart from behavioural observations, measures of
welfare assessment are mainly represented by physio-
logical and immunological evaluations in blood.
However, the assessment of perturbations in the levels
of endocrine and immune indicators requires animal
capture, handling and manipulation by stockmen, and
animal venipuncture. Because these procedures can be
stressful for animals, their effects may confound the
stressors to be tested. In addition, welfare evaluation
requires a cautious interpretation of the changes of
these indicators in blood because their levels are
affected by many factors such as circadian rhythms
(M€ostl & Palme 2002), sampling (Negr~ao et al. 2004),
restraint (Bertoni et al. 2005a), lactation phase (Bertoni
et al. 2006), and habituation (von Borell 2001). To
reduce variability, it has been proposed to evaluate
cortisol in biological samples other than blood. For
example, some studies demonstrated that it is possible
to estimate cortisol concentrations in the plasma of
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cattle and sheep directly from salivary cortisol concen-
tration (Fell et al. 1985; Negr~ao et al. 2004). In lactating
animals, milk collection is a routine procedure that cre-
ates minimal disturbance to the animal. Milk cortisol in
dairy cows can be considered a good indicator of
stressors acting up to 2 h before the collection of milk
samples (Verkerk et al. 1998), and some factors
involved in its variation were shown by Fukasawa
et al. (2008) and Sgorlon et al. (2015a, 2015b).
Analytical methods using faeces (Morrow et al. 2002)
and urine (Pompa et al. 2011) have been shown to be
advantageous for measuring glucocorticoid metabo-
lites as indicators of stress in dairy cattle. A direct and
positive relationship between faecal glucocorticoid
metabolites, blood cortisol, and adrenal activity was
demonstrated by Morrow et al. (2002). A minimally
invasive method to assess stress levels over time
through cortisol determination in bristles of growing
pigs and sows has been recently proposed by Martelli
et al. (2014) and by Bacci et al. (2014). It would be
interesting to test the feasibility and reliability of this
technique in ruminant species as well.
The most widely recognised method to evaluate
the adrenal cortex function is the challenge with
ACTH, by using its analogue (ACTH1-24 or tetracosac-
tide) (Verkerk et al. 1994), but there are several con-
founding factors that have to be considered, such as
milk yield, age, ambient temperature and lactation
stage (Bertoni et al. 2005b; Hasegawa et al. 1997) as
well as genetic factors (Weiss et al. 2004). Therefore, a
better standardisation, in terms of dose, time of bleed-
ing and response measurements, is needed (Bertoni
et al. 2005a). Welfare status can also be assessed by
measuring immunological parameters in milk, such as
antigen-specific IgG and serum amyloid A (Caroprese
et al. 2006; Winter et al. 2006).
Effects of stress on ruminant production
The effects of stress on yield and quality of milk and
cheese are variable. Animal responses to stress are
characterised by changes in different hormones and/or
cytokines which are responsible for metabolism, nutri-
ent partitioning among different tissues (Elsasser et al.
2000), and mammary gland activity (Bertoni et al.
2003). Therefore, the final consequences of stress on
milk can be very different depending on the different
sources of stress, i.e. acute or chronic, and cognitive or
non-cognitive (e.g. metabolic, heat, disease and digest-
ive troubles). In general, there are stressors that can
significantly modify bulk milk production and others
that have no effect. Generalised acute stress in the
herd (e.g. abrupt climate change, vaccination, feed or
water deprivation or shortage for few hours, and rou-
tine disruption) is a possible cause of altered yield and
quality of milk. The effects of chronic stress, which
affects the animals for longer periods, on bulk milk
characteristics depend on the proportion of the ani-
mals that are affected simultaneously.
The increased secretion of catecholamines in
stressed animals, particularly in acute stress, may
impair the release and access of oxytocin to the
mammary gland and the action of oxytocin on the
secretory epithelium, so that milking-related oxytocin
release is strongly impaired. In addition, stress leads
to energy deficit, which in turn results in reduced
protein and fat content in milk, and might even alter
amino acid and fatty acid profile in milk. Such modifi-
cations are responsible for a reduction in milk nutri-
tional properties, renneting ability and cheese yield.
A reduction in milk yield and an increase in milk fat
concentration occurred when cows were moved from
one farm to another (Varner et al. 1983). Similarly,
milk yield, and milk protein and potassium concentra-
tion decreased, whereas milk fat and sodium concen-
tration increased when dairy cows were injected with
ACTH (Varner & Johnson 1983). Bertoni et al. (1985)
showed that the effects of ACTH on milk yield and
composition varied with the dose used and were
often more prolonged than the observed rise in corti-
sol and glucose in blood. This suggests a mechanism
involving the regulation of the a-lactalbumin (Varner
& Johnson 1983) and possibly other aspects of pro-
tein synthesis. In fact, after the ACTH treatment,
Bertoni et al. (1985) observed an increase in titratable
acidity and Ca and P contents together with some
changes in the coagulation features in milk. The latter
results suggest that a change at post-translational
level (i.e. phosphorylation) could occur, as observed
by Fox (1989).
Chronic stress is more related to the welfare status
of the animals because it is determined by a pro-
longed unpleasant situation (e.g. heat or cold stress,
psychological stress and physical stress). Furthermore,
it can affect the general health status of the animals
(e.g. digestive tract, mammary gland and locomotion
apparatus), which in turn affects the welfare and effi-
ciency of the animals, and then milk yield and
composition.
Heat stress strongly affects the yield and quality of
milk in ruminants (Sevi 2007; Bernabucci et al. 2010).
The metabolic–endocrine changes that occur under
heat stress conditions (Abeni et al. 2007; Calamari
et al. 2007; Bernabucci et al. 2010) can directly affect
the mammary gland activity and digestive activity (e.g.
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fermentation, motility, secretion and absorption),
which are a major source of nutrients and body heat.
Heat stress can decrease blood flow rate in the
digestive tract, gut motility, with decreased flow rate,
and chewing activity (Christopherson 1985), partially
due to reduced thyroid hormone levels (Collier &
Beede 1985). All these changes and the reduced feed
intake following heat stress can explain the observed
higher retention time and, therefore, higher digestibil-
ity (Collier & Beede 1985). Fermentation is also influ-
enced by heat stress, thus increasing the risk of
producing an excessive amount of acids in the rumen
for at least three reasons: (a) the heat stressed animals
tend to eat less fibrous feeds in order to reduce heat
production (West 1994); (b) the rumen retention time
increases; and (c) the salivary secretion decreases due
to the reduced chewing activity. The consequent
changes at endocrine and digestive levels modify the
nutrient availability (amount and type) and partition-
ing and are, therefore, involved in the changes in milk
yield and composition observed under heat stress.
Heat stress causes a reduction in milk yield, but the
reduced nutrient intake (an indirect effect of heat)
accounts for only 35% of the heat stress-induced
decrease in milk synthesis (Bernabucci et al. 2015). In
dairy cows, the main milk components (fat, protein,
total solids and solid not fat) are lower in summer
than in winter (Bernabucci et al. 2015), and heat stress
impacts negatively on milk characteristics (Bernabucci
& Calamari 1998), with an impairment of the cheese-
making properties (Calamari & Mariani 1998). In par-
ticular, titratable acidity decreases and milk coagula-
tion properties (MCP) get worse, making milk less
suitable for the production of hard cheese with a long
ripening time (Calamari & Mariani 1998; Malacarne
et al. 2005). Among the milk characteristics affecting
the MCP, casein content and the casein composition
are two important factors (Bertoni et al. 2001a, 2005c).
Bernabucci et al. (2015) found that heat stress influ-
enced milk protein fractions, with a reduction in the
proportion of as-CN and b-CN, which are the most
sensitive to hot conditions, and an increase in the pro-
portion of k-CN and c-CN during summer. The authors
concluded that the worsening of the MCP observed
during summer seems mainly attributable to the
reduction in protein concentration and changes in
milk protein fractions. In dairy ewes, besides heat
stress (Sevi 2007), cold stress can cause reductions in
the yield of milk and its components and a decrease
in milk quality (Peana et al. 2007; Ramon et al. 2016).
Poor housing hygiene can endanger udder health
in dairy ewes due to a reduction in the natural
defence mechanisms of the teat and mammary gland
or an increase in the number and pathogenicity of the
microorganisms in contact with the entrance of the
teat canal or both (Sevi 2007). Bacterial colonisation of
the udder is detrimental to milk quality per se and also
provokes leukocyte recruitment in the mammary
gland, which can cause extensive damage to secretory
epithelial cells. These events are responsible for
decreased synthesis and altered composition of milk,
lower recovery of fat and protein during cheese mak-
ing, and altered proteolysis during cheese ripening
(Sevi 2007).
Sevi and Casamassima (2009) summarised the varia-
tions in the yield and quality of milk in response to
changes in some physical and management parame-
ters in housed sheep, showing that reduction in space
allowance (from 2 to 1 m2/head), air space (from 7 to
4 m3/head) and air change (from 47 to 23 m3/head) as
well as ‘no litter management’, in comparison to ‘litter
removal’ or ‘litter treatment with improvers’, were det-
rimental. Variations ranged from 7 to 17% for milk
yield, from 0 to 6% for casein content, from 0 to
8% for fat content, from 0 toþ20% for clot forma-
tion time, fromþ9% toþ24% for clot formation rate,
from 5% to 19% for clot firmness, fromþ7%
toþ341% for somatic cell count, fromþ6% toþ117%
for total microbial count and fromþ5% toþ51% for
coliform count, depending on the stressor considered.
In growing and fattening animals, stressors can
adversely affect feed intake, feed efficiency and weight
gain. The meat production chain has very critical
points, i.e. transport to abattoir, lairage prior to slaugh-
tering and slaughter routine itself. Stressors acting on
animals during each of these phases can lead to
weight loss and have deleterious effects on meat qual-
ity, especially its rheological properties. One of the
most frequent outcomes of exposure to pre-slaughter
stressors is the Dark-Firm-Dry (DFD) syndrome in beef,
which leads to a marked lowering of the commercial
value of meat.
Poor welfare also limits the efficiency of reproduc-
tion. There is endocrine evidence showing that stres-
sors interfere with the precise timing of the release of
reproductive hormones within the follicular phase.
Battaglia et al. (1997) provided a direct proof of the
suppressive effects of an acute stressor, i.e. endotoxin
administration, on the secretion of the gonadotropin
releasing hormone (GnRH). In addition, there is evi-
dence that exogenously increased ACTH concentra-
tions or transport reduce the amount of luteinizing
hormone released (Phogat et al. 1997). Dobson and
Smith (2000) reported an increase in the interval from
calving to conception by 13–14 days and the need for
an additional 0.5 insemination per conception in cows
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subjected to milk fever or lameness. Other effects of
poor welfare on reproduction performance are related
to the alteration in hormone secretion during the fol-
licular phase, reduction in oestradiol release from ovar-
ian follicles and delayed onset of the luteinizing
hormone surge prior to ovulation.
Inflammatory stress is characterised by an increase
in positive APP (e.g. haptoglobin and ceruloplasmin)
and reductions in zinc and calcium in blood (Bertoni
et al. 1989; Elsasser et al. 2000). Except for ceruloplas-
min, which remains high for a long time (weeks), the
other changes last for a short time (days) and can be
observed only during a clinical or sub-clinical patho-
logical event. Conversely, the effects of the inflamma-
tory stress can be monitored for a longer time,
particularly because cytokines cause a diversion of liver
synthesis (Bionaz et al. 2007), with a rapid reduction in
some negative APP (e.g. albumins, lipoproteins meas-
ured as cholesterol, and retinol binding proteins meas-
ured as vitamin A and paraoxonase), which tend to
return to normal values quite slowly. These responses
negatively affect reproduction for a long time after
calving (Bertoni et al. 2001b) and can be recognised
by changes in the negative APP in blood. In ewes,
Enhert and Moberg (1991) studied the relationship
between an emotional stressor (isolation) or a physical
stressor (transport) and oestrous occurrence, finding
that delayed, or interrupted, oestrous occurred in 44%
and 75% of the animals subjected to isolation and
transport, respectively.
Adaptation of ruminants to climate change
Climate change will affect the livestock sector both
directly and indirectly (Gaughan et al. 2009). Direct
effects will be related primarily to heat stress condi-
tions, whose frequency and severity are expected to
increase because of the predicted increase in air tem-
perature (global warming) (IPCC 2014), but also to the
predicted higher frequency and magnitude of extreme
weather events, such as heat waves and floods (IPCC
2013). A number of regional studies have been pub-
lished on climate scenarios which could be of interest
for farmed ruminants (de la Casa & Ravelo 2003;
Somparn et al. 2004; Segnalini et al. 2013), based on
predicted changes on the temperature humidity index
(THI), an index which combines temperature and
humidity into a single value and is widely considered
as a useful tool to predict the effects of environmental
warming on farm animals (Bohmanova et al. 2007). For
example, Segnalini et al. (2013) provided scenario
maps relative to the summer season in the
Mediterranean basin. Such maps indicated an
enlargement of the areas in the basin where the THI
during summer months (June, July and August) will
likely cause thermal discomfort in farm animals. The
authors concluded that the predicted increases in THI
may aggravate the consequences of hot weather on
animal welfare, performance, health and survival.
The reduction in animal welfare and the responses
of ruminants to stressors, particularly heat stress dis-
cussed in the previous section, apply also to climate
change scenarios. In fact, global warming is likely to
aggravate the increase in maintenance energy require-
ments, and elicit adjustments in physiology and
metabolism and modifications in feed intake
(Bernabucci et al. 2010). As a consequence, relevant
economic losses for the livestock industry are likely to
occur (Johnson 1987) due to increased mortality rate,
reproductive failure, reduced growth and decline of
milk yield and quality (Lacetera et al. 2013). Recently, a
significant higher risk of death was reported in dairy
cows during heat wave events in both France and
Italy (Morignat et al. 2014; Vitali et al. 2015).
The indirect impact of high temperatures follows
more intricate pathways, including those deriving from
the influence of climate on food and water shortages,
feed quality reduction, microbial density and distribu-
tion, vector-borne disease distribution, and host resist-
ance to infections (Gaughan et al. 2009). An example
of such impact is the spread of the bluetongue virus
(Purse et al. 2005), which causes an extremely serious
disease in ruminants, across European countries sev-
eral hundred kilometres further North than previously
reported. Purse et al. (2005) suggested that this spread
was driven by changes in European climate, which led
to the increase in virus persistence during winter
months, the northward expansion of Culicoides imicola,
the most important bluetongue virus vector, and,
beyond this vector’s range, the transmission of the dis-
ease by indigenous Culicoides species, thereby
expanding the risk of transmission over wider geo-
graphical areas.
Definitions of adaptation include those provided by
the Intergovernmental Panel on Climate Change (IPCC)
and by the European Commission (EC). IPPC defines
adaptation as an adjustment in natural or human sys-
tems, in response to actual or expected climatic stimuli
or their effects, which moderates harm or exploits
beneficial opportunities (Adger et al. 2007). Similarly,
the EC (2016) reports that adaptation means anticipat-
ing the adverse effects of climate change, and taking
appropriate and economically sustainable actions to
prevent or minimise the damage they can cause, or
taking advantage of opportunities that may arise.
Furthermore, the IPPC also distinguished adaptation
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into the following types: anticipatory (taking place
before climate change occurs, anticipating changes in
climate and preparing accordingly), reactive (taking
place following the observation and analysis of climate
changes), autonomous (spontaneous adaptation that is
triggered by both ecological changes in natural sys-
tems and market or welfare changes in human sys-
tem), planned (resulting from a deliberate policy
decision, based on an awareness that conditions have
changed or are about to change), private (initiated by
individuals, household or private companies for self-
interest), and public (initiated by public body for col-
lective public needs) (Adger et al. 2007).
Therefore, when referred to the ruminant sector,
adaptation includes actions that may help to alleviate
the direct or indirect negative effects of climate on
animal health, welfare and productivity. The adapta-
tion measures that can minimise the direct effects of
climate change on animals are classified as structural
interventions and management practices. Under inten-
sive and semi-extensive production systems, the main
structural interventions of adaptive significance include
building orientation, insulation and reflectance, shad-
ing and ventilation, with or without the use of water
(Kuczynski et al. 2011). Provision of shade may repre-
sent an effective adaptation measure under grazing or
pastoral production systems as well. Management
practices that may alleviate negative impacts of cli-
mate change on ruminants include hormonal treat-
ments to improve fertility (Chandra et al. 2015), and
nutritional and genetic approaches, discussed later in
this review. Adoption of systems that increase water
availability may be useful to limit the negative indirect
effects of climate on ruminant production that may
arise from reduced grassland or crop production.
Furthermore, alleviation of the indirect effects of cli-
mate change on animal production may be also
obtained by selecting plants with low water needs or
high resistance to water shortages, and high resistance
to emerging pathogens. Increasing surveillance and
developing preventive tools (i.e. vaccines) for the con-
trol of emerging animal diseases would also be crucial
to cope with climate change and its impact on farmed
ruminants. Finally, adaptation options include develop-
ing and implementing meteorological warning systems
and insurance systems, which are needed to reduce
the impact of severe weather events and prevent loss
of livestock (Lacetera et al. 2013).
The impact of hot climate on animal production
and the predicted climate scenarios underline the
importance and urgency of developing and transfer-
ring appropriate adaptation strategies to attenuate the
negative effects of global warming on farm animals.
Therefore, adaptation options that are appropriate for
specific livestock production systems (Nardone et al.
2010) and that can contribute to environmental sus-
tainability, economic development and poverty allevi-
ation should be identified and adopted.
Sustainable ruminant feeding
Through the use of innovative feed and feeding solu-
tions, farmed ruminants can be raised in a sustainable
way. In the last decade there have been many scien-
tific and technological advances, such as precision live-
stock feeding, identification and characterisation of
new feed resources, reutilisation of agricultural indus-
try residues and biotechnologies for animal feed and
animal feeding. There has also been a rediscovery and
re-evaluation of agroforestry and silvopastoral systems,
regarding food quality aspects and the maintenance
of ecosystem services (e.g. carbon sequestration, land-
scape maintenance, and biodiversity enhancement).
The goals of precision feeding are to increase pro-
duction efficiency and profitability, reduce environ-
mental impact, improve product quality and safety,
and improve animal health and well-being (Bewley
2010). During the last decades, many practices have
been adopted in an attempt to achieve these objec-
tives in livestock farms, especially in intensive systems.
Although precision animal nutrition and diet formula-
tion cannot be considered as a new concept in live-
stock management, in recent years new information
technologies have been developed to help in monitor-
ing accurately many components of livestock systems,
such as animals (e.g. feed intake, diet selection, digest-
ive activity, metabolic parameters and productive
level), animal products, feeds and the environment.
An example of a precision feeding system for graz-
ing dairy cows is illustrated in Figure 3. The first com-
ponent is the real-time estimation of phytomass
(grass) availability, by calculating vegetation indices
(Normalized Difference Vegetation Index) from Landsat
8 image using ArcGis. A second component is the esti-
mation of animal behaviour (grazing activity, walking
activity, and rumination activity) by means of a master
collar with global positioning system (GPS). Some ani-
mals are equipped with internal and external physio-
logical sensors for detection and short-distance
transmission of information like rumen status and
body temperature. Animals can also be automatically
controlled for body weight, body condition score, milk
yield and composition, milk metabolic parameters, and
faecal score. All this information is transmitted in real
time to a computational and decision-support centre,
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to be processed and integrated for management
decisions.
Recent advances on virtual fencing could further
improve precise grazing, enabling exclusion or permit-
ting grazing in certain areas, and could also be useful
for conservation management of specific habitats
(Umstatter et al. 2015).
GHG emissions could be reduced by adopting preci-
sion feeding techniques that decrease nitrogen and
phosphorus excretion, by finding the correct match
between the ingested and required elements (Arriaga
et al. 2009). Technologies currently available allow
continuous monitoring of rumen activity and bio-
markers of milk quality, thus maximising organic mat-
ter and protein digestibility in the ration, increasing
the use of lipids in the diet of ruminants, and optimis-
ing the use of natural substances of plant origin that
prevent methane production in the rumen. In addition,
a more sustainable manure management can be
achieved by improving the precision of feeding techni-
ques, especially by increasing organic matter and pro-
tein digestibility.
Diet adjustments to counteract the effects of cli-
matic factors are also of great importance. For
example, in hot environments, changes in feeding
strategies, macronutrient and micronutrient compos-
ition of diets, and water management could increase
intake or compensate for reduced feed consumption
and nutrient utilisation (Renaudeau et al. 2012).
Due to the global intensification of food produc-
tion, larger quantities of food by-/co-products (e.g.
cereal distillers, bran, sprouts, gluten meal, legume
hulls, fruit molasses and peels) and wastes are avail-
able, causing economic and environmental impacts
due to the loss of nutrients and pollution, respectively.
The utilisation of food residues along the food chain is
an interesting alternative to reduce environmental
impact and to increase profitability, by transforming
low-value, low-quality materials into high-quality food
(Kasapidou et al. 2015).
The possibility of increasing ruminant productivity
and sustainability is largely dependent on the possibil-
ity of increasing feed resources adapted to local envir-
onmental constraints, and finding resources not in
competition with human nutrition. In many cases, it is
necessary to assess not only the availability of alterna-
tive or complementary feeds but also their nutritional
value, with the aim of defining their correct use in ani-
mal feeding. The value of crop residues, discarded
fruits and vegetables, and other indigenous feed
resources could be enhanced by silaging or by pro-
ducing densified total mixed ration blocks or pellets
(Makkar 2014).
In many parts of the world, insects are currently
consumed by humans; consequently, global attention
on insects as a protein source for animal feed and
human food has recently increased (Bukkens 1997).
Insects can guarantee a very high feed conversion
ratio, can be reared on waste biomass, require a low
amount of water, and cause low GHG emissions. At
the same time, insect products have a high protein
content, containing most of the essential amino acids,
Figure 3. Schematic overview of a potential application of new information technologies, together with the state of knowledge
on dairy cow nutrition and metabolism, for the management of precision feeding in semi-intensive grazing-based dairy cow farm-
ing systems.
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together with fatty acids, minerals, and vitamins. For a
future large-scale use of insects as feed, there is a
need to develop trials that assess the potential risks
for human health, related to the use of bio-wastes for
insect growth. It would also be necessary to develop
some common legislative acts and regulatory frame-
works regarding this issue.
The use of algae both for aquaculture and animal
feeding as a renewable source to substitute conven-
tional feeds in livestock production systems has been
widely investigated in recent decades, but interest in
their use in ruminant nutrition is still increasing. In
addition to their high nutritional value, micro- and
macroalgae are gaining importance for the possibilities
of extracting micro-feed ingredients (e.g. provitamins
and minerals of high biological value) for the feed
industry (Shields & Lupatsch 2012) and feeding ani-
mals with beneficial bioactive and nutraceutical com-
pounds, which could be transferred into milk, meat
and derived products for human nutrition.
Some biotechnological tools are available to
improve animal nutrition, acting on feeds or directly
on animals, or both. In the first case, the objective is
to improve feed quality and nutritive value by enhanc-
ing the availability of nutrients (e.g. proteins, oils,
starch, amino acids and vitamins), by means such as
reducing rumen degradability for ruminants, reducing
the losses into the environment due to partial diges-
tion, and decreasing the content of undesirable com-
ponents (Flachowsky et al. 2005). In the second case,
the main goal is to improve animal health by means
including the use of prebiotics or probiotics to control
the functions of the gastro-intestinal system, the
manipulation of rumen microbes, the addition of vac-
cines to feeds, and the use of metabolic modifiers
such as recombinant bovine somatotropin.
Since 1996, when the first genetically modified (GM)
crop was launched on the market, the cultivation and
commercialisation of GM feeds have increased steadily.
At a global level, it has been estimated that food-
producing animals use from 70% to 90% of the GM
crop biomass (Van Eenennaam & Young 2014), derived
mainly from soybean, maize, cottonseed and rapeseed.
In order to assess the nutritional quality of GM feeds,
there has been the introduction of the concept of
‘substantial equivalence’, which evaluates the differen-
ces between a GM feed and the homologous/isogenic
conventional one, in terms of chemical composition
and undesirable contents. Many experiments have
demonstrated that GM feeds are substantially equiva-
lent to the conventional ones (Tufarelli et al. 2015),
with no appreciable differences in ingestion, digestion,
animal health and performance, and product quality.
In addition, in most trials no quantifiable traces of GM
components were detected in animal products derived
from the consumption of GM feeds (Alexander et al.
2007; Furgał-Dierzuk et al. 2014).
Further studies are needed for a better assessment
of the effects of GM feeds on animals, animal products
and humans, especially for what concerns the so-called
‘second generation’ GM crops, designed for the modifi-
cation of specific output traits and resulting not
‘substantially equivalent’ to the isogenic non-GM vari-
eties. There is also a need for an international stand-
ardisation of the regulatory framework for GM feed
production, analysis and trade.
Finally, it is also important to take into account sil-
vopastoralism and agroforestry, which are strictly inter-
related, with the silvopastoral system being a type of
agroforestry system. In silvopastoralism the main com-
ponents are trees and pastures for livestock produc-
tion, whereas in agroforestry trees are integrated with
annual crops or livestock or both (Devendra & Ibrahim
2004). In some parts of the world, such as in
Southeast Asia, there are large areas under permanent
tree crops and forests. These areas offer many oppor-
tunities for an optimal integration with livestock sys-
tems, so that animal products can be obtained
without interfering with other feed sources for ani-
mals, and different ecosystem services can be offered.
Deep rooting shrubs and trees are very important
in many climatic areas of the world, because they are
able to provide a more stable source of nutrients
throughout the year, which can cover the nutrient
requirements of livestock and possibly of wild animals.
Some plant species, such as salt bush (Atriplex spp.),
have received increasing interest due to their capacity
to grow under high soil salinity and low rainfall condi-
tions (Rowe & Corbett 1999).
Present and future challenges in animal
breeding
In addition to meeting the growing demand for animal
products, animal breeding will have to address a num-
ber of future challenges to ensure the economic sus-
tainability and social acceptance of ruminant farming.
In particular, selection will have to redirect breeding
objectives to improve animal health and welfare,
increase tolerance to stressors, reduce livestock envir-
onmental impact and produce milk and meat having
improved nutritional and functional properties.
Two strategies are possible to meet these objec-
tives: (a) selection in cosmopolitan breeds, by integrat-
ing traditional and new breeding goals; and (b)
exploitation of local breeds and their genes. Local
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breeds are the most adapted to low-input production
systems and to a range of environments, are able to
produce food with unique properties, and can pre-
serve cultural and social values. Local breeds also hold
a reservoir of valuable genes that, once discovered,
may be introgressed in cosmopolitan breeds by trad-
itional or innovative methods.
The first approach has been partially implemented,
as in many countries functional traits are steadily
increasing in importance and being considered in
selection schemes of commercial populations (Merks
et al. 2012; Anafi 2016). However, selection for animal
welfare and animal products for better human health
is still in its infancy. Reaching these selection objec-
tives is very challenging because genetic parameters
for these traits and functional properties of animal
products are not routinely measured. Consequently,
their heritability and genetic determination remain
poorly understood. Notwithstanding, genetics can be
used indirectly to reduce GHG emissions, one of the
major concerns for the sustainability of livestock, espe-
cially ruminants (Garnsworthy 2004; Gill et al. 2010;
Martin et al. 2010; Cassandro et al. 2013). Two
European projects, i.e. the cost Action (Methagene,
http://www.cost.eu/COST_Actions/fa/FA13022) and the
FP7 Ruminomics (http://www.ruminomics.eu/) have
generated knowledge in this direction. In fact,
improved productivity can reduce GHG per kilogram
of product by acting on traits such as feed efficiency
and longevity, and by decreasing wastage at herd or
flock level (e.g. premature losses, poor fertility and
poor health). Moreover, differences among individual
animals for traits such as plant selection during graz-
ing, rumen digestion, retention rate, and host-microbe
interactions may be heritable and therefore amenable
to genetic selection for animals with less enteric CH4
emission, on a daily or dry matter intake basis (Knapp
et al. 2014). The mitigation of GHG emissions can be
achieved by intensifying and specialising the produc-
tion system (e.g. rearing more productive animals that
use more refined feed). However, the intensification of
animal production will lead to a loss of the advantages
of extensive systems in terms of biodiversity preserva-
tion, management of renewable natural sources, con-
servation of cultural landscapes and enhancement of
the socio-economic viability of many rural areas
(Marino et al. 2016).
The second approach implies the exploitation of
local breed biodiversity. Current livestock biodiversity
is the result of a process that started approximately
10,000 years ago. Following domestication, herds were
taken from the domestication site to colonise the
world during agriculture expansion and thereafter,
human migrations, conquests and trade (Ajmone
Marsan et al. 2010; Larson & Burger 2013). Livestock
genomes and phenotypes were hence shaped by a
combination of natural and anthropogenic selection,
random drift, frequent crosses between populations
and, depending on the species, intercrossing with wild
relative species (Groenen et al. 2012). Conversely, the
standard-breed concept of selection for a common
morphology and production aptitude, and of repro-
ductive isolation is very recent, as it was proposed
only a few hundred years ago. In addition, breed is a
Western world model that does not hold in many
Southern world countries, where animal populations
are not isolated or standardised. For example, Italy has
a population of approximately 1,088,000 goats, of
which 250,000 are subdivided into more than 40 dif-
ferent registered goat local breeds (Nicoloso et al.
2015), whereas Bangladesh has more than 20 million
goats and a single native population, the Black Bengal
goat, subdivided into Central, Western and Eastern
populations (Afroz et al. 2010).
Overall, livestock species are subdivided into thou-
sands of distinct local populations and breeds adapted
to a range of agro-environmental conditions that can
be very different from those of the domestication sites
(e.g. Yacutian cattle originally domesticated in the
Fertile Crescent), and to a variety of husbandry sys-
tems. In some cases, humans have increased the diver-
sity taken from wild ancestors during domestication,
by capturing useful mutations that would most prob-
ably have been lost by genetic drift or reduced fitness
(e.g. myostatin mutations causing double muscling in
beef cattle). This genetic pool of diversity is a treasure
for humankind that can now be explored, valuated
and exploited with novel genomics and other -omic
tools to understand the genetic basis of traits that are
becoming fundamental for modern livestock sustain-
able breeding, such as adaptation to difficult environ-
mental and feeding conditions, resilience to stress and
pathogen challenges, high production efficiency and
low environmental impact. Once genes relevant to
these traits are discovered, they may be exploited
through traditional breeding or using novel technolo-
gies that allow the quick dissemination of favourable
genetic variants across breeds and populations.
The Senepol breed is a clear example of the import-
ance and value of local breeds and of the ability of
modern technologies to investigate and then exploit
traits of worldwide relevance. This local cattle breed
was developed on the Caribbean Island of St. Croix in
the last century. Early investigations indicated the high
heat tolerance of this breed, classified at the time as
pure taurine, like Angus and Hereford (Hammond
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et al. 1996). This trait is particularly interesting for
future breeding to reduce the negative impacts of glo-
bal warming on animal welfare and performance
(Bernabucci et al. 2014). Later on, it was found that
the Senepol heat tolerance was associated with the
slick and short hair of this breed, when compared to
the hair of other taurine breeds, and that a single
gene mutation was responsible for this trait (Olson
et al. 2003). The SLICK mutation was mapped on
BTA20 using microsatellite markers (Mariasegaram
et al. 2007) and its origin was investigated in detail
using the Illumina BovineHD Beadchip containing
777,001 SNP markers (Huson et al. 2014). The slick hair
haplotype also conferred heat tolerance to high pro-
ducing Holstein cows introgressed with Senepol in a
programme started at the University of Florida in 1990
(Dikmen et al. 2014). This trial confirmed that Holstein
cows with slick hair had a superior thermoregulatory
ability compared with non-slick animals, thus showing
a lower milk yield depression during summer. The
SLICK causal variant has been recently identified in a
frameshift mutation of the Prolactine Receptor gene
inducing a premature stop in the protein (Littlejohn
et al. 2014). This mutation carried by the Senepol
breed is therefore turning out to be extremely valu-
able for industrial animal breeding in many countries,
including Italy. Its diffusion and introgression in differ-
ent breeds with recurrent backcross designs would be
possible but slow. Genomic tools may speed up this
process and minimise the donor genome introgres-
sion, but a few backcross generations would still be
needed to recover most of the recipient genome even
in the most optimistic scenarios. New technologies
have been recently developed to induce targeted and
tailored mutations in resident genes. These gene-edit-
ing techniques are based on restriction enzymes to
introduce a DNA double stranded break at a targeted
location with the guide of homologous binding pro-
teins, such as zinc finger nucleases (ZFNs; Kim et al.
1996) and transcription activator-like effector nucleases
(TALENs; Miller et al. 2011), or RNA, e.g. clustered regu-
larly interspaced short palindromic repeats and their
associated protein 9 (CRISPR/Cas9) (Jinek et al. 2012).
In all these cases, mutation occurs because of inciden-
tal deletion by endogenous nucleases which can be
repaired by spontaneous non-homologous end-joining
or homology-directed repair. This results in a small
deletion or insertion at the target locus or a knock-in
at the target locus if a donor sequence is provided.
Frequently, homozygous mutants can be obtained.
The CRISPR/Cas9 approach is particularly interesting
because it does not require the engineering of com-
plex proteins. In this case, cells or fertilised eggs are
injected with a guide RNA (gRNA) and the Cas9 pro-
tein, techniques that can be used in basic molecular
biology and cell culture laboratories to produce tar-
geted double strand breaks. Very recently, CRISPR/
Cas9-based protocols which completely avoid ex-vivo
manipulations have been proposed in the Genome-
editing via Oviductal Nucleic Acids Delivery (GONAD)
technology (Takahashi et al. 2015). Although all these
methods have so far been applied to the production
of animal models of human diseases, they have a
great potential for application in agriculture for quickly
transferring valuable alleles, discovered by genomic
approaches, across populations. It is important to high-
light that these are targeted mutation techniques that
do not produce GM organisms, because neither
exogenous genes nor antibiotic resistance markers are
inserted in the host genome. We underline this in the
hope that research using these technologies will not
be blocked in Europe as happened with GM organ-
isms, on the basis of a precaution that does not prop-
erly consider scientific evidence and could cost an
enormous amount of resources.
In developing countries, cross-breeding of local and
selected breeds could be a quick way to improve the
production performance of ruminants while maintain-
ing the characteristics of resistance to local environ-
mental and sanitary hazards. However, due to the
disjunction of characters after the first generation (F1),
this method should be accompanied by a plan of
selective cross-breeding, to stabilise the desired char-
acters and obtain a new breed, thus requiring a long
time. Moreover, as discussed in the review by Phocas
et al. (2016), when cross-breeding is used to obtain an
F1, a programme to improve the parental breeds is
required. In organic dairy cattle production, cross-
breeding has been used to increase robustness and
longevity and to decrease the incidence of diseases
such as mastitis (Atkinson 2014).
In summary, we are facing a challenging and stimu-
lating time. Breeding goals in selection schemes of
cosmopolitan breeds have progressively changed, and
some functional traits now have a relevant weight in
selection indexes. However, selection indexes have to
be redefined to include new traits related to emerging
and future needs, such as environmental sustainability,
healthier foods and better animal welfare. To include
these new traits in selection schemes, research is
needed to identify the best selection criteria, imple-
ment efficient and low-cost collection of phenotypes,
and investigate their genetic determination and gen-
omic make up. We believe that cosmopolitan breeds
will continue to be intensively reared but in a more
sustainable way, and local breeds will have a relevant
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role in producing food in different, less-intensive and
still sustainable husbandry systems, acting as a reser-
voir of unique genes that are now being discovered,
without the need to modify the environment in which
they are adapted to live. Moreover, local breeds will
preserve the cultural heritage and contribute to the
maintenance of social sustainability in rural areas,
being well suited to family farming. Finally, the revolu-
tionary development of low-cost genomic analysis
methods, integrated with the multi-omic data analysis
(Suravajhala et al. 2016), has created tremendous
opportunities for the genetic analysis of livestock pop-
ulations when searching for valuable alleles able to
improve animal production, health and welfare. Full
exploitation of the knowledge resulting from this
research through its application in breeding and con-
servation programmes is difficult, but it appears pos-
sible through newly developed breakthrough
technologies. Under these circumstances, any loss of
biodiversity before characterisation risks the loss of
valuable opportunities for both science and
agriculture.
Ruminant production in developing countries
When looking for solutions that increase ruminant pro-
duction or productivity in developing countries (DC), it
is necessary to differentiate between emerging mar-
kets and poor countries. Emerging countries such as
China, India, Brazil, Mexico, Russia, Indonesia and
Turkey, and many other countries located in Europe
(from the former Soviet Union), Africa (e.g. Egypt,
Morocco, Nigeria, Kenya and South Africa), and
America (e.g. Argentina), have embarked on the pro-
cess of development. For most of these countries, the
primary sector itself (crops and livestock) is still
‘emergent’, thus requiring the time needed for a full
development, as it happened in the already developed
countries. In this section, we will focus on poor coun-
tries, i.e. countries where the rural population is more
than 70% of the total population and small family
farms prevail.
Worldwide, farms smaller than 2 ha account for 84%
of the total number of farms (570 million) but only
12% of the Earth’s land surface used for agricultural
purposes (FAO 2014). Particularly, small-scale farms
likely account for only 25–30% of the cultivated sur-
face. Prairies, grasslands and other uncultivable areas
(approximately 3 billion ha) are of interest for animal
systems only when large areas are available. Small-
scale family farms, where subsistence farming is often
practiced, devote most of their activities and arable
land to produce human food. However, it must be
underlined that these small-scale farms supply a low
amount of food worldwide, and may hardly meet the
requirements of the farming family.
In small-scale family farms, the presence of livestock
is scarce and the expertise and knowledge of animal
husbandry is very limited and linked to traditions with
little, if any, scientific basis. In these farms, livestock
(mainly chickens and laying hens, waterfowls, sheep
and goats, and, if not forbidden by religious norms,
pigs) are normally reared around the huts and kept in
shelters only for the night (Costa et al. 2013). In some
areas of Asia and Africa, labour animals are also reared,
mainly for field labour and transport (e.g. water buffa-
loes, cattle, horses and donkeys), but with limited pos-
sibilities to yield meat and milk.
Extensive or semi-extensive livestock farming sys-
tems do exist and are mainly focussed on sheep and
goats in Asia, cattle in Africa and camelids in South
America. These farming systems are practised by pop-
ulations that traditionally are pastoralists, with the
main goal of supplying food (meat and milk) and tex-
tile fibres, but also for other reasons, such as social
role, ‘currency’, and religious value and significance.
This is the reason why increasing the number of ani-
mals is often preferred to having a high production
per animal, thus frequently causing overgrazing, with
consequent soil degradation and desertification, fav-
oured by the common property of land and little inter-
est in preserving that land over time. Paradoxically,
the improved hygienic-sanitary tools available today,
which are able to reduce animal mortality, have wors-
ened this situation.
Satisfying the need to integrate foods of plant ori-
gin with foods of animal origin in a balanced human
diet can be difficult in small-scale family farms which
cultivate crops, mainly cereals and tubers, rich in
starch, but poor in protein, lipids and micro-nutrients.
In these subsistence farming systems, where the level
of production seldom exceeds family requirements,
the following is observed: (a) small surpluses, which
are mostly temporary, are immediately sold to get
cash; (b) there is no actual way or awareness to trans-
form such surpluses into animal products; and (c)
there is a lack of awareness that staple foods (e.g. rice,
maize, cassava, and potatoes) could be integrated with
other foods that the farmer could produce at limited
amounts, such as peanuts, legumes and vegetables in
general, and also chicken and goats. As a conse-
quence, the population groups at higher risk of malnu-
trition, particularly children, are those living in rural
areas. In fact, people with other working activities and,
therefore, cash can buy almost any food and acquire
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complementary foods, which are sold by farmers to
make some money.
In small-scale farming systems, animal production
accounts for only 10–13% of the income (FAO 2009).
This is mainly attributable to the following: (a) health
problems (i.e. infectious and parasitic diseases) able to
decrease the already low animal production and popu-
lation; (b) the low genetic merit of the animals; (c) the
insufficient availability of feeds, particularly during
drought and cold periods, partially due to a lack of
knowledge of techniques for drying forages; (d) lack of
structures such as shelters and stalls, hatcheries, ani-
mal feed producers and slaughterhouses; and (e) an
almost complete lack of expertise and knowledge of
animal management, because local people are trad-
itionally hunters, gatherers, fishermen or crop farmers
and not animal farmers. If these are the actual difficul-
ties, which are the tools necessary to achieve substan-
tial improvement in this situation?
Animal farming has many goals, but the most
important is to supply food in order to combat malnu-
trition. Over the last 20–30 years, meat, eggs and,
recently, milk have been consumed in greater amounts
in the DC (FAO 2009). This holds true only for some
countries among those considered still developing,
particularly China and Brazil, which together account
for almost 2 billion people. The low consumption of
food of animal origin is typical of the countries still
affected by high levels of malnutrition, such as India,
Kenya, Democratic Republic of Congo, Ghana and
Nigeria, and, in general, the low and the lower-middle
income countries (FAO 2009), accounting for about
half of the population of the planet, where 30% of the
children suffer from malnutrition (Crovetto 2015).
According to FAO (2009), livestock production fol-
lows economic development. Therefore, lack of devel-
opment is correlated with few animals being farmed
and this contributes to widespread malnutrition, espe-
cially among children. In fact, the nutritional status of
children from 3 to 10 years old registered in economic-
ally poor countries reveals a serious situation, with a
percentage of underweight children which reaches 60%
and 42% in the Congo Democratic Republic and the tri-
bal area of Northeastern India, respectively (Bertoni
et al. 2015). Unfortunately, after being breastfed, poor-
country children consume the same food as adults, and
their diet is almost free of animal products (except for
some fish, mainly in India). Therefore, in addition to
food availability, a specific nutritional education is
required to improve this situation.
Besides contributing to child mortality (Crovetto
2015), the fact that malnutrition due to a lack of food
of animal origin in the diet also causes serious damage
to cognitive development (Black et al. 2013) is a major
obstacle for economic development and this, in turn,
is correlated with a low level of animal production.
Hence, a new vicious circle having the animals at the
centre occurs. Animal production is considered an
ideal complement to agricultural production, increas-
ing the human working capacity and integrating the
nutritional properties of crops, which are mostly rich
in carbohydrates.
Considering the very high number of people living
in malnutrition conditions, it is frustrating to realise
that this situation cannot be solved without economic
development and in turn livestock production (again a
vicious circle). As a matter of fact, FAO (2014) consid-
ers that the development of small-scale family farms
requires the dissemination of innovation which, in
turn, implies research, experimentation, technical
assistance, roads, markets, schools, hospitals and so
on. Unfortunately, the governments and local author-
ities of these countries are by no means able to com-
ply with this request, simply because they are not able
to start development. Moreover, even if it were pos-
sible to start development, the so-called ‘last mile
problem’, i.e. the transfer of technologies to local pop-
ulations, would remain. As the old proverb says: ‘Give
a man a fish, and you feed him for a day. Teach a
man to fish, and you feed him for a lifetime’.
We are therefore convinced that the vicious cycles
cited above must be broken, in order to overcome or
alleviate the problems discussed here. This must hap-
pen, above all in the DC, starting from the small-scale
farms and promoting an increase in animal husbandry
activities and knowledge.
Sheep and goats are very common among small-
holder farmers in DC. Normally they are raised in small
numbers and are free to range and graze nearby the
huts of the village, sometimes tethered to a pole or a
tree. This situation is common in the rural areas of
Africa and in India, particularly during the season of
rice cultivation.
For cattle there is a great difference between the
pastoralist and the agricultural areas. In pastoralist
farming systems, cattle are raised mainly in the savan-
nah, far from the tilled fields and, therefore, with low
risk of causing damage and having quarrels. In this
case, some improvements have been obtained
through the control and reduction of external para-
sites, but a much better management should be
applied in order to reduce the number of animals
while improving animal performance (by means of
genetics, health care, and feeding). In this way, live-
stock production could be maintained and over-graz-
ing would be reduced. In agricultural areas where crop
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production prevails, different situations occur in terms
of livestock farming, varying from a total lack of know-
ledge (as in the Democratic Republic of Congo) to
good knowledge but with a lack of improved and effi-
cient techniques (as in many areas of India).
Several improvement efforts have been made in DC,
but the results are not always positive and it is evident
that introducing advanced technologies to be just cop-
ied and applied often results in failure. Our proposal is
totally different and based on the involvement of local
people, who must engage directly, despite having
some external technical and financial support.
As an example, we summarise the agri-food chain
Burundi Smallholders Livestock Network (BUSLIN)
launched in Burundi by Andre Ndereyimana, a PhD
student at University of Piacenza (Italy) involved in the
project ‘Production of appropriate food: sufficient, safe
and sustainable’. The first phase of the project con-
sisted of the following: (a) setting up a capillary net-
work of rural and peri-urban family farms specialised
in animal and horticulture productions; (b) offering
microcredit proportional to production potentialities
(e.g. land and other resources) and respecting the local
cultural and religious habits; (c) ensuring no risk for all
the partner families ready to give constant and
responsible support to the project; (d) offering health
check and sanitary support to producers, as well as
monitoring the production and reproduction perform-
ance of the animals farmed; and (e) writing an agree-
ment between BUSLIN and every family involved in
the project to protect and make responsible all parties
involved. The second phase of the project is based on
the following: (a) in order to grow and become more
effective, BUSLIN must involve as many families as
possible as quickly as possible; (b) the economic gain
for the BUSLIN families should be 50% of the income
obtained from the sale of every animal reared; and (c)
the family income (i.e. added economic value) derives
from the sale of live animals to be slaughtered or
used for reproduction, and from the sale of manure.
The extension service is associated with the BUSLIN
project and can give advice on genetics, feeding,
health, commercial aspects and so on. However, based
on our limited experience, we think that the dogmatic
imposition of the most advanced and modern techni-
ques is absolutely not effective, mainly due to social
and ethical reasons, although theoretically capable of
giving high yields in comparison with those obtained
traditionally. The reason for this ineffectiveness is that
these techniques are very hard to be adopted by local
farmers, if left alone. Our opinion is that, pragmatically,
it is advisable to start from what local people are able
to do in terms of suggesting actions to be carried out
by themselves. Local people must be in charge of and
responsible for their own development.
As far as ruminants are concerned, at present
BUSLIN is effective only for goats, because the
extremely limited land availability (about 0.5 ha/farm)
is not compatible with cattle husbandry. With the
exception of very few large farms, cattle are not
farmed even in the Democratic Republic of Congo,
despite the presence of huge underutilised areas
(savannah). In this case, the gap is mainly due to a
lack of tradition and of technical, managerial and
financial resources. This is confirmed by the positive
experience inspired by the bishop of Kabinda (east
Kasai, Democratic Republic of Congo) that focussed on
beef cattle of local breeds (Ankole) or of South African
origin. This experience, characterised by high eco-
nomic sustainability and wide margins of technical
improvement, was possible due to three factors: (a)
funding from western Caritas organisations, (b) avail-
ability of a wide area of savannah not far from
Kabinda, thanks to a rental agreement with the local
headman, and (c) presence of a Congolese priest who
graduated in Agricultural Sciences at the University of
Piacenza. Clearly, this solution would not be feasible
for small farms, in which it would be advisable to
operate following the criteria described for BUSLIN, i.e.
forming associations which receive specific support,
particularly at the beginning of the project/activity.
Notwithstanding, it would be advisable to exploit the
huge unexplored areas of the savannah in a country
like Congo, which has a high demand for meat.
A completely different case-study is that of the
North-Eastern area of India (Meghalaya state), where
farms are small (1–2 ha) and cultivate mainly crops
(rice, fruits and vegetables), but also have a tradition
of livestock farming. Farms normally rear goats, small-
size zebu, pigs and poultry, and often have a pair of
oxen, one dairy cow, which produces milk in some
periods of the year, and 1-2 calves or heifers. In this
case, an increase in crop productivity could allow a
reduction in the land used for crops at the benefit of
forage for livestock. Only after achieving this basic
resource (land availability), will it be possible to make
an improvement in animal performance (e.g. milk
yield) using cross-breeds (Jersey) and adequate feed-
ing practices such as using blocks of molasses or urea
to supply energy and protein. This would be particu-
larly important in an area where most of the fodder is
represented by rice straw and low-quality grass. Some
on-going attempts aiming at the use of local raw
materials (e.g. jaggery from sugarcane instead of
molasses, and rice bran instead of wheat bran) seem
promising from this point of view.
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To summarise, the basic idea is that development
actions must be compatible with the possibilities of
local people and beneficiaries. However, a certain level
of local organisation is required to implement the new
practices needed for improvement. This can be done
only by local people and entities (e.g. non-governmen-
tal organisations (NGO), religious communities and
organisations), and the developed countries can con-
tribute economically, technically and scientifically, by
supplying local technicians and extension agents with
teaching material and giving them advice on possible
solutions compatible with local constraints and situa-
tions (Bertoni et al. 2015). All this cannot be done all
of a sudden and implies collaborative relationships
that can allow people of developed countries (e.g. uni-
versity personnel and other experts) to really under-
stand the nature of problems in the DC and the
suitability of any proposal that the parties involved
make for the benefit of DC.
Conclusions
A long-term global strategy for the adoption of inten-
sive and sustainable ruminant production systems is
needed in order to supply a proper amount of high-
quality food to the planet's growing population. Milk
and meat are a complex food matrix that provides not
only macronutrients such as protein, lipids or Ca, but
also molecules, such as ACE-inhibiting peptides, fatty
acids and vitamins, which have an extra-nutritional
role. Meat and dairy products have some nutrients
(e.g. saturated fatty acids and Fe-heme) that can pose
a risk to human health if introduced in excessive
amount. However, if we consider all the beneficial
effects of meat, milk and dairy foods on human health
(e.g. osteoporosis prevention, and neuro-psychic and
cognitive development), it is clear that these products
have a positive role in a balanced human diet. The
sustainable intensification of ruminant production can
be achieved by improving animal health, welfare and
production, without harming the environment. This
could be obtained by combining different approaches
in ruminant farms, such as the use of precision feed-
ing, optimisation of grazing systems, use of food resi-
dues and unconventional products as feed, adoption
of productive, adapted and low-impact animal geno-
types, use of animal waste for energy purposes, and
proper management (e.g. presence of shelter, availabil-
ity of drinking water, proper animal handling,
adequate space and ventilation, disease prevention
and treatment, appropriate feeding time and fre-
quency and adjustment of diet amount and compos-
ition). In some cases, agroforestry and silvopastoral
systems are a good alternative to obtain animal prod-
ucts in a sustainable way and ecosystem services such
as carbon sequestration, landscape maintenance, and
biodiversity enhancement. We believe that cosmopol-
itan breeds will continue to be intensively reared but
in a more sustainable way, and local breeds will have
a relevant role in producing food in different, less-
intensive but still sustainable husbandry systems, act-
ing as a reservoir of unique genes that are now being
discovered, without the need to modify the environ-
ment in which they are adapted to live. In developing
countries animal farming can positively contribute to
combat malnutrition, in spite of the small size of fam-
ily farms. However, many improvements need to be
made to these small-scale farms, and development
projects carried out by NGOs and supported by univer-
sities can play an important role in this respect. In
terms of prospects for producers and consumers, the
sustainable intensification of ruminant production
appears to be the only way to ensure farm profitability
in developing countries, and ensure food security for
an increasing part of the world population. From a
food industry perspective, sustainable intensification
must be programmed to ensure a constant supply of
high-quality food, respecting the environment and
improving animal health and welfare. This would be
fundamental in order to answer ethical questions,
which are becoming more and more pressing in the
society of developed countries and which pose serious
limits on exports of these products from the develop-
ing to the developed countries. Finally, the scientific
research covered in this review provides the know-
ledge basis for the development and adoption of
appropriate technologies to meet the future needs of
humanity, in terms of amount and quality of food and
ethical issues.
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